Time-resolved and spatially resolved temperature measurements, by pure rotational picosecond broadband coherent anti-Stokes Raman spectroscopy (CARS), and kinetic modeling calculations are used to study kinetics of energy thermalization in nanosecond pulse discharges in air and hydrogen-air mixtures. The diffuse filament, nanosecond pulse discharge (pulse duration ∼100 ns) is sustained between two spherical electrodes and is operated at a low pulse repetition rate to enable temperature measurements over a wide range of time scales after the discharge pulse. The experimental results demonstrate high accuracy of pure rotational ps CARS for thermometry measurements in highly transient non-equilibrium plasmas. Rotational-translational temperatures are measured for time delays after the pulse ranging from tens of ns to tens of ms, spanning several orders of magnitude of time scales for energy thermalization in non-equilibrium plasmas. In addition, radial temperature distributions across the plasma filament are measured for several time delays after the discharge pulse. Kinetic modeling calculations using a state-specific master equation kinetic model of reacting hydrogen-air plasmas show good agreement with experimental data. The results demonstrate that energy thermalization and temperature rise in these plasmas occur in two clearly defined stages, (i) 'rapid' heating, caused by collisional quenching of excited electronic states of N 2 molecules by O 2 , and (ii) 'slow' heating, caused primarily by N 2 vibrational relaxation by O atoms (in air) and by chemical energy release during partial oxidation of hydrogen (in H 2 -air). The results have major implications for plasma assisted combustion and plasma flow control.
Introduction
Kinetics of energy transfer and thermalization in nonequilibrium electric discharges and afterglow in molecular gases is of considerable interest from a fundamental viewpoint and for applications such as plasma assisted combustion and plasma flow control [1] [2] [3] [4] [5] [6] [7] [8] [9] . In pulsed electric discharges used for plasma assisted combustion applications, temporal dynamics of gas temperature controls the rates of reactions among plasma-generated radicals, due to their strong dependence on temperature, and may critically influence fuel oxidation, ignition and flame-holding. In electric discharge plasmas used for high-speed flow control ('plasma actuators'), the rate of temperature rise strongly affects the amplitude of pressure perturbations and compression wave formation, which contribute to flow forcing.
It is well known that in non-equilibrium molecular plasmas only a small fraction of energy coupled by the electric field to electrons goes directly to gas heating, since electronneutral collisions are extremely inefficient for elastic and rotational energy transfer [10] . Energy coupling to ions, with subsequent efficient thermalization via elastic and charge transfer ion-neutral collisions, is significant only in space charge dominated regions. The bulk of energy coupled to electrons is stored in electron impact excitation of vibrational and electronic states of molecules, as well as molecular dissociation and ionization. Thus, kinetics of subsequent energy transfer processes among internal energy states, as well as recombination of atoms, electrons and ions, where significant energy fraction is dissipated as heat, are critically important for predicting the rate of energy thermalization in electric discharges and afterglow.
Time scales for energy thermalization during collisional quenching (relaxation) of excited states and recombination may vary by several orders of magnitude, depending on the type of excited states involved (vibrational and electronic), temperature, pressure, chemical composition of the mixture and ionization fraction. For example, energy thermalization processes in dry air plasma range from fairly slow (such as vibrational relaxation of the ground electronic state of nitrogen) to quite rapid (such as quenching of excited electronic states of N 2 and O atoms). Adding rapid 'relaxer' species to air plasmas, such as CO 2 , NO or water vapor, may significantly accelerate the rate of vibrational energy relaxation/energy thermalization [11] . Finally, adding fuel species, such as hydrogen or hydrocarbons, may considerably complicate kinetics of temperature rise, due to chemical energy release in plasma-chemical reactions of fuel oxidation [12, 13] . Quantitative insight into kinetics of energy thermalization and temperature rise over a wide range of time scales requires (i) energy coupling to the plasma by short duration pulsed discharges, and (ii) gas temperature measurements during the discharge pulse and in the afterglow, with high time resolution. Spatially resolved temperature measurements are also desirable because of significant temperature gradients generated in high specific energy loading electric discharges.
Kinetics of 'rapid' heating in nitrogen and air plasmas (rapid in the sense of the time scale being much shorter compared to vibrational relaxation time) has been extensively studied recently, both experimentally and using kinetic modeling calculations. Discharge input energy fraction dissipated during rapid heating in air plasmas over a wide range of reduced electric fields, E/N = 60 − 250 Td, was predicted in [14] , in good agreement with experimental data on dynamics of temperature rise in gas discharges in air. More recent experimental studies focused on time-resolved temperature measurements in single-pulse nanosecond duration discharges, primarily by optical emission spectroscopy [15] [16] [17] [18] , although spatially resolved coherent anti-Stokes Raman spectroscopy (CARS) and spontaneous Raman scattering measurements have also become available [19] [20] [21] [22] . Kinetic modeling analysis of rapid heating processes based on optical emission spectroscopy data, up to E/N = 1000 Td, has been done in [16, 23] . The results suggest that at E < 200 Td, quenching of electronically excited N 2 molecules by O 2 and of excited O( 1 D) atoms by N 2 are the main energy transfer channels contributing to rapid heating, while at E > 400 Td, quenching of excited N( 2 D) atoms, as well as electron-ion and ionion recombination become dominant. An extensive review of relevant experimental and modeling results is given in a recent kinetic modeling study [24] , where predictions of a self-consistent kinetic model of an electric discharge in N 2 -O 2 mixtures were compared with time-resolved temperature measurements in a ms pulse dc discharge and afterglow in air by quantum cascade laser absorption spectroscopy (QCLAS) [25] . The results show that gas heating on short time scales occurs via quenching of electronically excited N 2 molecules by O 2 , consistent with [16] , while temperature rise on a longer time scale is also affected by vibrational relaxation of N 2 by O atoms, O atom recombination on the wall, and an exothermic reaction N( 4 S)+NO(X 2 ) → N 2 (X 1 )+O( 3 P). Our previous ps CARS temperature measurements in a single pulse, 'diffuse filament' nanosecond pulse discharge in air at P = 100 Torr [20, 26] , on nanosecond to millisecond time scales, demonstrated that temperature rise during and after the discharge pulse occurs in two well-pronounced stages, separated in time. These results provide direct evidence of 'rapid' and 'slow' energy thermalization mechanisms in air plasmas. They also suggest significant effect of N 2 vibrational relaxation on oxygen species since 'slow' temperature rise, detected in air, was almost entirely missing in nitrogen [26] .
The objective of the present work is to use pure rotational ps CARS for time-resolved and spatially resolved temperature measurements in this type of discharge, along with kinetic modeling, to elucidate the dominant kinetic mechanisms involved in energy thermalization in air and H 2 -air plasmas.
Short discharge pulse duration used in the present work (∼100 ns) and high time resolution of CARS diagnostics allow resolving temperature rise on a short (nanosecond) time scale, while fairly large diameter of the discharge filament (approximately 2 mm) makes possible temperature measurements on a long (millisecond) time scale, before radial diffusion becomes dominant. The advantage of using pure rotational CARS, compared to vibrational CARS using in [20, 26] , is that the spacing between the individual pure rotational transitions is much larger than that for the Q-branch vibrational transitions. In [20, 26] , rotational-translational temperature was inferred from partially resolved vibrational CARS spectra (v = 0 to v = 1 Q-branch transition), which somewhat limits its accuracy. The use of pure rotational CARS also mitigates Stark line broadening effects when high pulse energies are used.
Experimental
The experiments were carried out in a six-arm cross glass cell with quartz windows, shown schematically in figure 1. The discharge cell is similar to the cell used in [20, 26] to study a stable, reproducible point-to-point discharge between two spherical electrodes, where the filament dimensions are sufficiently small to achieve significant specific energy loading, yet large enough to enable diagnostic studies and reduce mass diffusion effects. In the present work, the discharge was sustained between two copper spherical electrodes 7.5 mm in diameter, separated by a gap of 9 mm. The experiments were carried out in dry air and fuel-air mixtures at the pressure of 40 Torr. The volumetric flow of air through the discharge cell was set to 310 sccm for all gas mixtures used in the present work. The hydrogen flow rate was set to 18 sccm for the equivalence ratio of ϕ = 0.14, 54 sccm for ϕ = 0.42, and 107 sccm for ϕ = 0.83. These conditions correspond to an estimated flow velocity of approximately 2 cm s −1 at room temperature, assuming uniform flow through a circular tube 3 inch diameter (the diameter of the cell arms). This flow velocity is sufficiently high to ensure that the CARS probe region ∼0.5 mm long [20] experiences only one discharge pulse, and that heat generated during and after the discharge pulse is dissipated by convection and radial heat conduction.
The discharge electrodes were connected to a custommade high-voltage pulse generator [27] , generating alternating polarity pulses and operated at a pulse repetition rate of 60 Hz. The pulse generator is designed to generate a relatively low voltage 'pre-pulse' several microseconds prior to producing a 'main' high-voltage pulse. The pre-pulse polarity is opposite to the main pulse polarity; also, the polarity of main pulses alternates during the operation. For open load conditions (i.e. when the pulse generator is disconnected from the electrodes), or for dielectric barrier discharge load [28] , the pre-pulse voltage is typically 4-5 kV for the main pulse voltage of 15-20 kV. At the present conditions of a pulsed discharge between two metal electrodes, when breakdown voltage is significantly lower compared to open load pulse voltage, peak voltages for the pre-pulse and the main pulse, separated by approximately 6 µs, were close to each other, approximately 4.5 kV. Thus, at the present conditions the discharge is sustained by pairs of opposite polarity pulses (a 'pre-pulse' and a 'main' pulse), generated at the repetition rate of 60 Hz.
To assess shot-to-shot reproducibility of the discharge filament, broadband plasma emission images of a single-pulse discharge in air and in H 2 -air mixtures were taken by Princeton Instruments PIMAX ICCD camera with a UV lens (UV-Nikon 105 mm f /4.5 Nikon).
Time-resolved translational-rotational temperature during and after the discharge pulse has been measured by picosecond, broadband, pure rotational coherent anti-Stokes Raman scattering (R-CARS). The main advantage of broadband CARS, compared to narrowband or scanning CARS, is that it allows single-shot acquisition of highly transient phenomena and reduces the overall acquisition time [29] .
The schematic of the diagnostic set-up is shown in figure 2 . The second harmonic output of a picosecond Nd : YAG, ∼150 ps pulse duration, (Ekspla SL333) is divided into two beams using a half-wave plate and a thin-film polarizer. The ratio of power between the two beams can be adjusted by rotating the half-wave plate. The high power beam, which is vertically polarized, is reserved to pump a custom-built broadband modeless dye laser. The horizontally polarized low-power beam is used to produce the probe pulse and passes through a second half-wave plate to rotate the polarization so that it is orthogonal to the polarization of the pump pulse. In the present work, the probe beam has horizontal polarization and energy ranging from ∼1 to 5 mJ/pulse.
As shown in figure 2 , the pump, Stokes, and probe beams are focused into the test cell with a 150 mm spherical lens using a planar-BOXCARS phase matching configuration [30] , producing a cylindrical probe region with diameter of less than 100 µm and interaction length of ∼0.5 mm. The diameter of the probe region was estimated by passing the laser beams through a 100 µm pinhole. The interaction length is measured by translating a glass plate (microscope cover slip 100 µm thick) along the length of the beam overlap region using a translation stage, and measuring the resulting non-resonant background signal from the plate. These measurements have shown that approximately 95% of the signal originated over the interaction length of 0.5 mm. The CARS signal is generated over the interaction length, and is spatially filtered using irises, after re-collimation by a 200 mm lens. The signal is then focused by a 100 mm spherical lens into a 0.75 m spectrometer equipped with a 1200 line mm −1 grating (Shamrock 750). The spectra are detected using a back-illuminated electronmultiplying CCD camera (EMCCD, Andor). The signal was accumulated over 1000 to 3500 laser shots (i.e. over 100 to 350 s).
To improve signal discrimination and reduce noise due to scattering of the probe beam, a polarization approach [31] is employed, previously used by Zuzeek [12, 13] for pure rotational CARS temperature measurements in H 2 -air and C 2 H 4 -air plasmas. Briefly, since the signal and the probe beam have orthogonal polarizations, placing a high extinction thinfilm polarizer (C VI) into the CARS signal path reduces the polarized stray light by more than a factor of 1000. CARS resonant and non-resonant signals, however, are reduced to a factor of 9/16 and 1/9, respectively, compared to signals which would be obtained for parallel polarizations. This has the effect of reducing the influence of the non-resonant background. Time delay between the probe and the Stokes beam is controlled by translating a prism mounted on a translation stage, placed into the beam path. By adjusting the time delay, the temporal overlap of all three beams was optimized by maximizing the non-resonant signal obtained from a microscope cover slip, and was held the same for the work present here.
Background, caused mainly by scattering of the probe and pump beams, was subtracted from the experimental spectra by blocking the Stokes beam. After background subtraction, the spectra were normalized and corrected for the dye laser output distribution. For this, the spectra were divided by the reference non-resonant background spectrum, obtained before data collection by placing a 1 mm thick glass microscope slide into the CARS probe region. The reference spectrum also accounts for the convolution of the probe beam with the broadband dye laser. Finally, the square root of the spectrum was compared with synthetic CARS spectra generated using the Sandia CARSFIT code [32] , using least-squares fitting to the experimental data.
Kinetic model
A kinetic modeling study of the nanosecond pulse discharge between two spherical electrodes was carried out using a onedimensional axial model of a nanosecond pulse discharge developed in our previous work [33] . The model has been validated by comparing its predictions with time-resolved measurements of N 2 (v = 0 − 4) vibrational level populations, as well as time-resolved, absolute number densities of O atoms, N atoms and NO [34] , showing good agreement [33] . In particular, these results demonstrated that reactive quenching of multiple excited electronic levels of N 2 by O atoms is the dominant channel of NO formation in the afterglow of a nanosecond pulse discharge in air.
Briefly, the kinetic model includes time-dependent conservation equations for number densities of charged species (electrons, positive ions and negative ions) and neutral species (including excited electronic states of N 2 , O 2 , N and O), equation for the electron temperature, Poisson equation for the axial electric field, and heavy species energy equation. Full description of the model can be found in [33] . Vibrational level populations of nitrogen in the ground electronic state are calculated using master equation, which includes state-specific processes of N 2 vibrational excitation by electron impact, vibration-to-vibration (V-V) energy exchange, vibration-totranslation (V-T) energy relaxation, and chemical reactions of vibrationally excited molecules. The present model includes 40 excited vibrational levels of nitrogen, of which the first 17 levels are excited by electron impact.
Experimental cross sections for electron impact excitation of low vibrational levels, v = 1 − 8, are taken from [35] , and theoretical cross sections for excitation of higher levels, v = 9 − 17, are taken from [36] . The expressions for statespecific single-quantum rates of V-T and V-V energy transfer in nitrogen, used in the present model, were taken from [37] ,
(2) In equations (1) and (2), v and w are vibrational quantum numbers, δ VT and δ VV are 'radii' for V-T and V-V energy transfer,
T is the rotational-translational temperature ('gas temperature'), E 1 = 3353 K and E = 20.6 K are the energy of N 2 vibrational transition v = 1 → 0 and the molecular anharmonicity, respectively, and k 1→0 (T ) and k 0→1 1→0 (T ) are the rates of V-T and V-V energy transfer processes
and
respectively. Temperature-dependent rates of V-T relaxation of nitrogen by N 2 , O 2 , N and O, used in the present model, k 1→0 (T ), were taken from [38] , which provides curve fits to the available experimental data. Specifically, the room-temperature rate coefficient for N 2 V-T relaxation by O atoms is k 1→0 (T = 300 K) =3.5×10 −15 cm 3 s −1 [39] . The rates of N 2 V-T relaxation by N atoms were taken the same as relaxation rates by O atoms. Note that this is an upper bound estimate since theoretically predicted low-temperature V-T rates for N 2 -N are very slow [40] . The same assumption was made for N 2 V-T relaxation by H atoms. This use of this assumption, however, is unlikely to affect the model predictions significantly, since both N atom and H atom number densities at the present conditions are significantly lower compared to that of O atoms (predicted peak number density of [O] ≈ 9×10 15 cm −3 ), such that vibrational relaxation of nitrogen occurs primarily in collisions with oxygen atoms. V-T relaxation rates of nitrogen by H 2 were calculated using k 1→0 (T = 300 K) from [41] , with temperature dependence suggested in [42] . The room-temperature rate coefficient of
, was taken from [43] , where state-specific V-V rates were inferred from measurements of temporal evolution of N 2 (v = 0 − 6) vibrational levels populations, excited by stimulated Raman scattering. The value of thus rate coefficient agrees well with a three-dimensional forced harmonic oscillator-free rotation model [44] , which also predicts its temperature dependence, k
3/2 , in good agreement with semiclassical trajectory calculations [45] .
As will be shown in section 4, at the present experimental conditions the net rate of vibrational energy relaxation to heat is dominated by rapid V-T relaxation of nitrogen molecules by O atoms. Vibrational excitation of oxygen molecules was not taken into account, since discharge input energy fraction going into vibrational excitation of O 2 by electron impact is much lower compared to that of N 2 . Also, at the present low-temperature conditions, V-V energy transfer from N 2 to O 2 is very slow, due to large disparity of vibrational quanta [46] . Finally, room-temperature V-T relaxation rate of O 2 by O atoms is much faster compared to that of N 2 by O,
−15 cm 3 s −1 [39] . Indeed, recent measurements of N 2 and O 2 vibrational level populations in a nanosecond pulse discharge in air at P = 1 atm [48] have shown that vibrational disequilibrium of O 2 is much less pronounced compared to that of N 2 .
The cross sections of electron impact reactions were taken from [49, 50] , and rates of ion-molecule reactions with hydrogen-containing species, as well as rates of neutral species chemical reactions in H 2 -O 2 mixtures were taken from [51] .
The apparent diameter of the discharge filament, inferred from ICCD images of broadband plasma emission, is approximately d = 2.0 mm. The discharge filament diameter determined from the gas temperature radial distribution (see section 4) is also approximately d = 2.0 mm. This value was used in the calculations of discharge current, since the onedimensional axial model predicted the current density. The modeling calculations were carried out in in dry air, modeled as a 78.5% N 2 /21.5% O 2 mixture, and in hydrogen-air mixtures at a pressure of 40 Torr.
At high discharge specific energy loadings, the onedimensional axial model, which predicts discharge current density as well as axial distributions of the electric field and species number densities, cannot predict time-dependent gas pressure and temperature. At these conditions, time evolutions of pressure and temperature are controlled to a significant extent by rapid heating in the discharge (rapid compared to the acoustic time scale, τ acoustic ∼ R/a, where R is the filament radius and a is the speed of sound), with subsequent compression wave propagation in the radial direction. The former process may produce a significant temperature and pressure overshoot, while the latter process results in rapid gas-dynamic expansion and cooling. To incorporate these process into analysis, temperature and pressure evolution in the afterglow are modeled using a onedimensional radial axisymmetric model, which includes timedependent equations for conservation of mass, momentum, energy, species concentrations, and master equation for vibrational excitation of nitrogen, listed below: 
In equations (7)- (9), ρ is the density, v is the radial flow velocity, p is the pressure, T is the temperature, µ = µ(T ) and λ = λ (T ) are is the viscosity and the thermal conductivity, and ε is the specific enthalpy of the mixture, which also includes non-equilibrium vibrational energy of N 2 ,
where n i is the number density of species i, H The calculations using the radial model begin after the applied voltage falls to zero. The initial conditions for the radial model on the discharge centerline are predicted by the axial model at the end of the discharge pulse, halfway between the electrodes. The initial radial distributions of temperature, pressure and species number densities are assumed to be Gaussian with FWHM of d = 2.0 mm, e.g. n i (r) = n i (r = 0) exp{−[r/(d/2)] 2 }. Thus, the pressure overshoot caused by heating on sub-acoustic time scale, and the subsequent pressure reduction caused by compression wave propagation, were taken into account using the radial axisymmetric model for afterglow simulations. This approach works well in the entire discharge gap, except in the cathode layer region, where the compression wave becomes markedly non-one-dimensional [26] . Note that the present temperature measurements are made half-way between the electrodes, where the effect of the cathode layer on energy thermalization dynamics is minor. The present approach provides a straightforward, low computational cost alternative to a two-dimensional model of a transient high-pressure electric discharge in a compressible gas mixture, coupled to master equation and non-equilibrium plasma chemistry processes. Figure 3 shows typical ICCD camera images of broadband plasma emission in a nanosecond pulse discharge in air. The camera gate was set to 100 ns and timed to overlap with the discharge pulse, during a single shot, pre-pulse or main pulse discharge. The images in figures 3(a) and (b) are taken during the pre-pulse discharge (positive and negative polarity, respectively), and the images in figures 3(c) and (d) are taken during the main pulse discharge. In all images, the bottom electrode is grounded. In all four cases, the plasma filament images were reproducible, exhibiting essentially no detectable difference shot-to-shot. It can be seen that the discharge filament generated during the pre-pulse is more diffuse compared to the filament generated by the main pulse, produced approximately 6 µs after the pre-pulse, such that filament contraction is evident. From figure 3 , it can also be seen that weak plasma emission envelopes the electrode that plays the role of the cathode during the pulse. Since the energy coupled to the plasma during the main pulse is significantly higher compared to the pre-pulse, the effective plasma filament diameter (FWHM) used in the kinetic modeling calculations, d = 2.0 mm, was inferred from the radial distributions of plasma emission intensity shown in figures 3(c) and (d). Figure 4 shows typical experimental and synthetic 'best fit' rotational CARS spectra taken at two different conditions, (a) at relatively low temperature, in air, and (b) at relatively high temperature, in a hydrogen-air mixture at the equivalence ratio of ϕ = 0.42. It can be seen that individual rotational transitions are widely separated, and significant difference between these two spectra is apparent. Specifically, at higher temperatures high rotational energy levels are populated, such that signal is detected primarily from transitions with larger Raman shift. The synthetic spectra were generated by a computer code CARSFIT [32] . From figure 4, it can be seen that the experimental and the synthetic spectra match each other closely. The 'best fit' rotational temperature, T = 297 ± 1 K and T = 733 ± 26 K, respectively, were determined from the least-squares fits, using the following procedure. For both sets of experimental conditions shown in figure 4 , five CARS spectra were taken. For each experimental spectrum, the temperature was inferred from the best fit synthetic spectrum, and the average of the five temperature values was determined. The uncertainties reported in the present work represent the 95% confidence interval for the average temperature values inferred using this procedure. This corresponds to the precision of the temperature data. As discussed in section 1, pure rotational CARS has the inherent advantage compared to vibrational Q-branch CARS, that high pump/Stokes beam intensities can be employed without distortion of the spectra caused by Stark broadening/shifting effects. Figure 5 plots experimental voltage and current pulse waveforms, as well as discharge current waveforms predicted by the kinetic model in air, during (a) negative polarity pre-pulse and (b) positive polarity main pulse produced approximately 6 µs later. The experimental voltage pulse waveform is used as one of the input parameters of the kinetic model. Since the one-dimensional axial model predicts current density rather than current, the predicted current density was multiplied by the estimated filament cross sectional area based on the FWHM diameter inferred from the radial distribution of plasma emission (see figure 3 ) and temperature distributions (see figure 5) , d = 2.0 mm. Comparison of the experimental and the predicted current during the pre-pulse and the main pulse shows good agreement. Note that although peak voltages during the pre-pulse and the main pulse are close to each other, 4.4 kV and 4.6 kV, respectively (see figure 5) , the initial electron concentration before the pre-pulse is much lower compared to that before the main pulse. This results in much higher peak current and significantly higher coupled energy during the main pulse than during the pre-pulse (compare figures 5(a) and (b)). Additional energy is coupled to the plasma between the pre-pulse and the main pulse (at t < 1 µs, see figure 5 (a)), since voltage and current do not fall completely to zero. Figure 6 plots radial distributions of rotational/translational temperature measured in air at three different moments in time, (a) 1.74 µs before the positive polarity main pulse (i.e. 4.3 µs after the negative polarity pre-pulse), (b) 1.44 µs after the main pulse and (c) 168 µs after the main pulse. Temperatures measured after the pre-pulse are in the range T = 305 − 335 K. After the main pulse, temperature on the centerline increases considerably, peaking at T = 680 K 168 µs after the pulse. Radial temperature distributions predicted by the kinetic model 1.44 and 168 µs after the main pulse are also plotted in figure 6 , showing good agreement with the experimental results. The non-monotonous temperature profile predicted by the model at 1.44 µs is caused by compression wave formation. Figure 7 presents experimental and predicted temperature during and after the discharge pulse in air, as well as the experimental discharge energy coupled to the plasma. Energy coupling to the plasma during the pre-pulse (at t < 100 ns, ≈0.7 mJ) and by the main pulse (at t ≈ 6 µs, ≈3.2 mJ) is clearly evident. The duration of both current pulses (the prepulse and the main pulse) is comparable, ∼100 ns (see figure 5) . From figure 7, it is apparent that the pre-pulse generates fairly Figure 4 . Typical experimental and synthetic 'best fit' rotational CARS spectra taken at two different conditions, (a) at relatively low temperature, in air (top), and (b) at relatively high temperature, in a hydrogen-air mixture at the equivalence ratio of ϕ = 0.42 (bottom). Best fit rotational temperatures for these two cases are T = 297 ± 1 K and T = 733 ± 26 K, respectively (the uncertainties represent 95% confidence interval of the average temperature inferred from five experimental spectra). modest heating of the plasma filament, up to T ∼ 50 K, while the main pulse produces rapid heating of the plasma by T ∼ 150 K, up to T ≈ 500 K, consistent with the model predictions. Note that this rapid temperature rise is not fully resolved in time in figure 7 , and is shown in greater detail in figure 8 . In the afterglow after the main pulse, the temperature continues to increase gradually, on the time scale of approximately 200 µs, peaking at T ≈ 680 K, after which it decreases slowly to near room-temperature over about 20 ms, again consistent with the model predictions (see figure 7) .
Results and discussion
Experimental and predicted gas temperature during and after the main positive polarity discharge pulse in air, plotted in figure 7 , are shown in greater detail in figure 8 , where t = 0 corresponds to the beginning of the main pulse current rise. To illustrate the dominant kinetic mechanisms controlling dynamics of temperature rise at these conditions, figure 8 also plots (a) the total number density of excited electronic states of nitrogen, N * Both vibrational and electronic excitation are produced by electron impact during the discharge pulse. From figure 8 , it can be seen that collisional quenching of excited electronic states of N 2 occurs on the time scale of a few hundred ns after beginning of the discharge pulse, such that their number densities become insignificant by t ∼ 1 µs. The quenching occurs primarily in collisions with O 2 , resulting in oxygen dissociation, e.g.
, including N
with the rate coefficient for the lowest excited state, , respectively, which correspond to decay rates of ∼10 ns, such that the decay of these states is controlled primarily by the discharge pulse duration. Figure 8 illustrates that rapid temperature rise after the main discharge pulse occurs on the same time scale as quenching of excited electronic states of nitrogen molecules by O 2 (a few hundred nanoseconds). Thus, the reaction of equation (13) is the Figure 5 . Applied voltage (experimental) and current (experimental and predicted) waveforms in the discharge in air, (a) during pre-pulse, and (b) during main pulse. Note that pre-pulse is negative polarity and main pulse is positive polarity. dominant kinetic process controlling 'rapid' heating in ns pulse air plasma at the present conditions, as has been pointed out previously [14, 16] .
From figure 8 , it can also be seen that the second stage of gas heating occurs on the time scale of ∼200 µs. Comparing the behavior of gas temperature with N 2 vibrational temperature, T v (N 2 ), it can be seen that this 'slow' temperature rise begins at the same time when the vibrational temperature starts to decrease. Analysis of the kinetic modeling predictions shows that it occurs due to energy thermalization during V-T relaxation of vibrationally excited N 2 by O atoms,
the rate of which is several orders of magnitude faster compared to V-T self-relaxation in nitrogen (at T = 500 K, the rate coefficients are [53] ). The time . Experimental (symbols) and predicted (black line) gas temperature, and experimental coupled discharge energy (blue line) in the discharge in air. Energy coupling by the pre-pulse (t < 100 ns) and by the main pulse (t ≈ 6 µs) is clearly evident.
scale for the slow heating can be estimated from the net rate of V-T relaxation of nitrogen by O atoms, as follows,
In equation (15), the scaling of the V-T rates with the vibrational quantum number is given by equations (1) and (3), n O ≈ 9×10 15 cm −3 (see figure 8) , and relative N 2 vibrational level populations are as predicted by the model (plotted in Figure 8 . Time-resolved gas temperature (experimental and predicted), predicted 'first level' N 2 vibrational temperature, O atom number density, and total number density of electronically excited states of N 2 during and after main pulse discharge in air. figure 9 at t = 1, 50 and 100 µs). The estimate of equation (15) predicts a somewhat longer time scale for the slow heating since τ slow is the time for the temperature to increase by a factor of e.
Note that N 2 vibrational temperature, which increases considerably during the main discharge pulse, due to vibrational excitation by electron impact, continues to rise during the afterglow, on the time scale of a few tens of microseconds after the pulse, peaking at T v (N 2 ) ≈ 1450 K (see figure 8 ). This effect, detected in our previous experiments in the afterglow of nanosecond pulse discharges [20, 34] , as well as in the experiments elsewhere [21, 22, 48] , is due to 'downward' V-V transfer in nitrogen with vibrational levels v 2 strongly overpopulated by electron impact during the discharge,
Basically, electron impact vibrational excitation in short duration pulsed discharges, with pulse duration shorter compared to the characteristic time for V-V energy exchange,
produces vibrational level populations v > 1 with the slope close to the electron temperature, much higher than the 'first level' vibrational temperature. Thus, although the forward rate coefficient of the reaction of equation (16), k VV (v, 0 → v − 1, 1), is lower than the reverse rate coefficient, k VV (v − 1, 1 → v, 0) (which can be easily verified from detailed balance), this energy transfer processes occurs in the forward, i.e. 'downward', direction, increasing the N 2 (v = 1) population and T v (N 2 ) in the afterglow. In the estimate of equation (17), we used vibrational level populations N 2 (1 v 4) at the end of the discharge pulse (at t = 1 µs), plotted in figure 9 . This effect is well understood and has been reproduced in modeling calculations in our previous work [33] .
At the present conditions, V-T relaxation of N 2 by O atoms relaxation occurs on the time scale of ∼200 µs, approximately an order of magnitude slower compared to N 2 -N 2 V-V exchange, and is the dominant process controlling 'slow' gas heating. Significant difference between the characteristic times of 'rapid' heating (caused by N 2 excited electronic states quenching) and 'slow' heating (caused by N 2 V-T relaxation by O atoms), as well as short time scale used for discharge energy addition (∼100 ns) make possible clear separation of these two energy thermalization processes in time (see figure 8) . The two-stage heating mechanism in a nanosecond pulse discharge in air, observed in the present experiments, has also been detected in our previous work [20, 26] . However, the present pure rotational CARS temperature measurements are more accurate compared to Q-branch vibrational CARS measurements used in [20] . Also, in the present work, the twostage energy thermalization mechanism has been quantified using a self-consistent kinetic model of electric discharge and energy transfer processes in air plasmas. Figure 10 compares time-resolved temperature measurements after the main discharge pulse in air and in a H 2 -air mixture at ϕ = 0.83. It can be seen that in H 2 -air, gas heating also occurs in two stages, similar to air. In this case, however, additional temperature rise occurs between the initial 'rapid' heating stage and the 'slow' heating stage controlled by vibrational relaxation, in good agreement with kinetic modeling predictions. Analysis of the model predictions shows that this occurs due to energy release during partial oxidation of hydrogen in chemical reactions with radicals generated in the plasma (primarily O and H atoms), both via dissociation by electron impact and in reactive quenching of excited electronic states of N 2 by O 2 and H 2 , resulting in their dissociation.
As discussed in section 3, the one-dimensional axial kinetic model developed in our previous work [33] is not directly applicable for modeling of nanosecond pulse discharges with significant specific energy loading. Indeed, at the present experimental conditions, significant temperature rise, from T ≈ 350 K to T ≈ 500 K occurs on the time scale less than ∼1 µs (see figure 8) , which is shorter compared to the acoustic time scale, τ acoustic ∼ R/a ∼ 3 µs. Such rapid heating results in a significant pressure rise in the discharge filament, with subsequent rarefaction due to gasdynamic expansion and compression wave propagation in the radial direction. These effects have been taken into account by supplementing the one-dimensional axial model, where pressure on the filament centerline was an input parameter, with a one-dimensional radial model, which predicted timeresolved pressure distribution in the discharge gap, plotted in figures 11 and 12. From figure 11 , a significant pressure overshoot (by about 50%) on the centerline of the discharge in air, occurring on the time scale of ∼0.1-1.0 µs, is evident. This overshoot is caused by rapid gas heating due to collisional quenching of N 2 excited electronic states (see figure 8) , resulting in temperature rise by ∼50% on the same time scale. After initial pressure overshoot, the discharge filament begins to expand and a compression wave begins to propagate in the radial direction (see figure 12) , causing rapid pressure fall on the centerline and slight transient rarefaction to P ≈ 35 Torr, before returning to baseline pressure of P = 40 Torr (see figure 11 ). As expected, the second 'slow' stage of gas heating did not produce a finite amplitude compression wave since it occurred on the time scale of ∼100 µs, which is much longer compared to the acoustic time scale.
The results of figures 11 and 12 illustrate critical importance of incorporating transient compressibility effects into kinetic modeling of nanosecond pulse discharge with high specific energy loading. The present results also quantify the effect of 'rapid' heating on the amplitude of compression waves generated by these discharges, which control flow forcing in nanosecond pulse discharge plasma flow actuators.
Summary
In the present work, time-resolved and spatially resolved temperature measurements, by pure rotational picosecond broadband coherent anti-Stokes Raman spectroscopy (CARS), and kinetic modeling calculations are used to study kinetics of energy thermalization in nanosecond pulse discharges in air and hydrogen-air mixtures. The diffuse filament, nanosecond pulse discharge (pulse duration ∼ 100 ns) is sustained between two spherical electrodes at P = 40 Torr and is operated at a low pulse repetition rate, 60 Hz, to enable temperature measurements over a wide range of time scales after the discharge pulse.
The experimental results demonstrate high accuracy of pure rotational ps CARS for thermometry measurements in highly transient non-equilibrium plasmas. Rotational-translational temperatures are measured for time delays after the pulse ranging from tens of ns to tens of ms, spanning several orders of magnitude of time scales for energy thermalization in non-equilibrium plasmas. In addition, radial temperature distributions across the plasma filament approximately 2 mm in diameter are measured for several time delays after the discharge pulse. Kinetic modeling calculations using a state-specific master equation kinetic model of reacting hydrogen-air plasmas show good agreement with experimental data. The results demonstrate that energy thermalization and temperature rise in these plasmas occur in two clearly defined stages, (i) 'rapid' heating, occurring on the time scale τ rapid ∼ 0. (15), strongly depends on discharge energy loading per molecule, which controls both relative populations of N 2 vibrational levels and O atom number density. These results are consistent with previous kinetic modeling calculations. However, the present work provides experimental verification of the modeling predictions, based on accurate time-resolved and spatially resolved temperature measurements. Since rapid heating occurs on the time scale shorter compared to acoustic time scale, it produces a strong compression wave propagating in the radial direction, predicted by the present kinetic model and detected in previous experiments in nanosecond pulse filament discharges. Both energy thermalization mechanisms have major implications for plasma assisted combustion and plasma flow control. Specifically, rapid heating may strongly affect rates of chemical reactions among radicals generated by electron impact and by quenching of excited electronic species during plasma assisted ignition. Rapid heating also controls the scale of high-amplitude pressure perturbations produced by nanosecond pulse plasma actuators. Finally, slow heating caused by vibrational relaxation, and resultant broadband density perturbations, may affect stability of boundary layer flows forced by surface plasma actuators. Further experiments in near-surface nanosecond pulse discharges are necessary to provide quantitative insight into dynamics of these processes.
